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We used a variety of nonlinear optical (NLO) spectroscopies to study the singlet excited-state order and 
primary photoexcitations in polyfluorene, an important blue-emitting 7r-conjugated polymer. The polarized 
NLO spectroscopies include ultrafast pump-probe photomodulation in a broad spectral range of 0.2-2.6 eV, 
two-photon absorption in the range of 3.2-4.2 eV, and electroabsorption covering the spectral range of 
2.8-5.0 eV. For completeness, we also measured the linear absorption and photoluminescence spectra. We 
found that the primary photoexcitations in polyfluorene are singlet excitons with ~ 100 ps lifetime that have a 
characteristic photomodulation spectrum comprising of two photoinduced absorption (PA) bands, PA, at 
0.55 eV and PA2 at 1.65 eV, and a strong stimulated emission band that peaked at ~ 2.5 eV. The two-photon 
absorption and electroabsorption spectra identify the exciton PA bands with optical transitions between the 
lowest-lying odd symmetry 1 B„ exciton at 3.1 eV and two strongly coupled even symmetry states, namely, 
mAg at 3.7 eV and kAg at 4.7 eV. The excited state manifold also contains a strongly coupled odd symmetry 
exciton nB„ at 4.1 eV, which identifies the continuum band threshold. A polarization memory of ~2.1, typical 
to films of 7r-conjugated polymers, characterizes all three NLO spectra, reflecting the highly anisotropic 
third-order NLO coefficient, xi3} of the polymer chains. The four essential states, namely, 1Ar  1 Bu, mAg, and 
nBu, were used to satisfactorily fit the xi3} optical spectra using the summation over states model. The com­
bination of the three NLO spectra and the model fit conclusively show that the band model, typical in inorganic 
semiconductors, cannot properly describe the poly(9,9-dioctylfluorene) polymer. On the contrary, a strongly 
bound exciton with intrachain binding energy of ~ 1 eV dominates the linear and NLO spectra of this polymer.
DOI: 10.1103/PhysRevB.75.125207
I. INTRODUCTION
7r-conjugated polym ers have emerged as a promising 
class o f organic semiconductors due to their low processing 
cost and the broad range over which their optical and elec­
tronic properties may be chemically tuned.’ Several device 
applications have been com m ercialized such as bright or­
ganic light-em itting diodes (OLEDs), with a variety of colors 
ranging from red to blue, and organic field-effect transistors; 
other applications have been investigated for com m ercializa­
tion such as white OLED, large-area photodetectors, organic 
photovoltaic cells, and current-injected lasers.2-3 However, in 
spite of trem endous research of m ore than two decades, the 
photophysics o f 7r-conjugated polym ers is still hotly 
debated.4 For exam ple, it is still unclear whether the absorp­
tion spectrum of these m aterials is due to interband transition 
(namely, valence to conduction band), where photon absorp­
tion results in free carriers as in inorganic sem iconductors,5-6 
or whether it is excitonic in nature as in m olecular solids, 
resulting in singlet excitons as the primary photoexcitations.7 
It is generally accepted that photolum inescence (PL) in 
7r-conjugated polymers is due to intrachain excitons rather 
than interband transition of photogenerated electrons (e) and 
holes (h). However, in films the form ation of secondary in­
terchain species that are nonradiative charge transfer exci­
tons cannot be ruled out.8 One of the reasons for this confu­
sion is that many 7r-conjugated polymers show a branching 
ratio of photogenerated excitons and charge polarons follow ­
ing photon absorption.9-10 This branching ratio has been in­
voked to be due to interchain interaction betw een adjacent 
chains,11 which should decrease with larger interchain sepa­
ration when bulky side groups are involved in the polym er 
structure.
PACS number(s): 78.40.Me, 78.40.Fy, 78.47.+p
Polyfluorene is an attractive material for display applica­
tions due to efficient blue em ission12 and relatively large hole 
m obility with trap-free transport.13 Poly(9,9-dioctylfluorene) 
(PFO) (shown in Fig. 1 inset) exhibits a com plex m orpho­
logical behavior that has had interesting im plications for its 
photophysical properties.14-15 It was previously shown that 
the structural versatility of PFO can be exploited in m anipu­
lating the sam ple’s electronic and optical properties.14-16 
W hen changing a pristine sample with a glassy structure, 
dubbed a  phase, into a film with more superior order, dubbed 
/3 phase, the hole m obility increases,16 laser action occurs at 
reduced excitation intensities, and spectral narrowing is ob­
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FIG. 1. (Color online) The normalized absorption and photolu­
minescence emission spectra of a PFO film in the glassy a  phase. 
The polymer repeated unit is shown in the inset.
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dered a  phase, PFO shows a relatively high degree o f pla­
narity, which together with the bulky side group should 
provide a clean case for studying intrachain photoexcitations 
and characteristic excited states with only a small contribu­
tion due to interchain interaction. Nevertheless, several early 
studies o f ultrafast photoexcitation dynam ics in PFO led to 
confusing results. In one study of oriented PFO ,18 three types 
o f photoexcitations were invoked: hot carriers, excitons, and 
charge polarons. In two other studies,19-20 both excitons and 
bound polaron pairs were shown to sim ultaneously coexist. 
U nder these circum stances, it is difficult to decide whether 
PFO excited states are “bandlike” or “excitonic” in nature. 
Som e o f the reasons for this confusion include the relatively 
narrow spectral range in which PFO photoexcitations were 
previously probed, the high excitation intensity used, as well 
as the lack o f other com plem entary optical m easurem ents to 
fully understand the excited-state nature o f this polymer. In 
the quest o f understanding the singlet m anifold in PFO, more 
recent studies focused on three-beam  excitation,21-23 where 
the role o f even parity states was em phasized. In these stud­
ies, it was realized that when excited deeper into the singlet 
m anifold, charge species were then primarily photogener­
ated; however, most o f them  gem inately recom bined within a 
few picoseconds.
In the present work, we em ploy a variety of nonlinear 
optical (NLO) spectroscopies to elucidate the photoexcita­
tions and important excited states in the singlet m anifold of 
the PFO polymer. The NLO spectroscopies include ultrafast 
polarized pum p-probe photom odulation (PM), electroabsorp­
tion (EA), and two-photon absorption (TPA); we com plete 
the optical investigation by com paring the NLO spectra with 
linear optical m easurem ents that include absorption and PL 
spectra. TPA spectroscopy is sensitive to excited states with 
even, or A g, symmetry, and thus is com plem entary to linear 
absorption that probes excited states with odd, or B„, sym ­
metry. EA spectroscopy is sensitive to excited states o f both 
B u and A g symm etries. The TPA spectrum  was m easured 
before in another PFO derivative in solution,24 whereas the 
EA spectrum  was m easured in a PFO film that underwent 
several phase transitions;14 also, the spectrum  was analyzed 
in term s o f first and second derivatives of the absorption 
spectrum, without underlying the role o f specific electronic 
excited states in the polym er chain. The application o f vari­
ous NLO and linear spectroscopies to the same polym er film 
has provided us here with a more com plete picture o f the 
electronic states in PFO com pared to that in previous works.
The NLO spectra were analyzed in term s o f several es­
sential excited states25 that are strongly coupled to each other 
and to the ground state, namely, 1 B„, m Ag, nB m and kAg 
excitonic states, using the summation over states m ethod;26 a 
consistent and elegant picture for PFO electronic states has 
emerged. We found that the primary photoexcitations in PFO 
are singlet excitons with two photoinduced absorption (PA) 
bands in the mid- and near-IR spectral ranges and a strong 
stim ulated emission (SE) band in the visible range. The PA 
bands can be understood27 to result from  optical transitions 
in the singlet manifold, namely, 1 B u—>mAg and 1 B u—>kAg, 
and SE from  the 1 B u to the ground (or M  ) state. We con­
clude that the PFO excited state m anifold is com posed of 
several excitonic states with B u and A g symm etries, rather
than a continuum  band that characterizes regular sem icon­
ductors. From  our experimental results, we infer that the 
low est intrachain excited electronic state in PFO is a strongly 
bound exciton (15„) having an intrachain binding energy of 
~ 1  eV.
TT. EXPERTMENT
The transient PM spectrum in PFO films was studied us­
ing the polarized pum p-probe correlation technique with
— 150 fs tim e resolution. For the present studies, we utilized 
two fem tosecond Ti:sapphire laser systems with low and 
high repetition rates, having high and low pulse energies, 
respectively.7 These two laser systems separately cover the 
mid- and near-IR spectral ranges; the high repetition laser 
system was used in the mid-IR range,20 whereas the low 
repetition laser system was used in the near-IR and visible 
spectral range.28 The pum p pulses were kept fixed at 3.1 eV 
for both laser systems. The PM spectra obtained using the 
two laser systems were then norm alized to each other in the 
visible range (2 eV), thus providing a very broad probe spec­
tral range from  0.15 to 2.6 eV with small spectral gaps.
The low repetition rate high-energy laser system was a 
hom em ade Ti:sapphire regenerative am plifier that provides 
pulses o f 120 fs duration at photon energies o f 1.55 eV, with 
400 /jlS energy per pulse at a repetition rate o f 1 kHz. The 
second harm onic o f the fundamental pulses at 3.1 eV was 
used as the pum p beam. The probe beam  was a white light 
“supercontinuum ” with a spectral range o f 1 .2 -2 .7  eV, 
which was generated using a portion o f the Ti:sapphire am ­
plifier output in a 1-mm-thick sapphire plate. An overall time 
resolution of —150 fs in the pum p-probe m easurem ents was 
achieved by adjusting the stage to com pensate the spectral 
chirp as m easured by tim e-resolved TPA (see below). The 
probe beam  polarization was set to be either parallel or per­
pendicular to the pum p beam  polarization. For improving the 
signal-to-noise ratio, the pum p beam  was synchronously 
m odulated by a mechanical chopper at exactly half the rep­
etition rate o f the Ti:sapphire laser system  (—500 Hz). The 
probe beam  was mechanically delayed with respect to the 
pum p beam  using a com puterized translation stage in the 
tim e interval t up to 200 ps. The delay line that corresponds 
to t = 0 was set by a sum frequency cross-correlation trace of 
the pump and probe pulses in a NLO crystal.
Since som e o f the photoexcitation dynam ics depend on 
the excitation density, care was taken in the experimental 
design to minim ize distortion of the m easured pump-probe 
response by spatial inhomogeneity of the photoexcitation 
distribution. Therefore, the pum p beam  was focused onto the 
sample to a 1 mm  diam eter round spot, whereas the probe 
beam  was focused using an achrom atic lens onto a 0.4 mm  
diam eter spot in the center o f the pum p illuminated spot. To 
ensure the reproducibility o f the alignment, the spatial over­
lap of the pum p-probe beam s was set using a telescopic m i­
croscope. The wavelength resolution o f this system was 
about 4 nm  using a 1 /8  m  m onochrom ator with a 0.6 mm  
exit slit, which was placed in the probe beam  after it passed 
through the sample. The transient spectrum  of the photoin­
duced change (A r) in the sample transm ission (T) was ob­
125207-2
NONLINEAR OPTICAL SPECTROSCOPY OF EXCITED, PHYSICAL REVIEW B 75, 125207 (2007)
tained using a phase-sensitive technique. Following pump 
photon absorption, the probe beam experiences PA, which is 
represented in the spectra as negative differential transm it­
tance - A TIT. Since the pum p and probe beam s are linearly 
polarized, we could m easure A r pa (A rpe), where the pump 
and probe polarizations are parallel (perpendicular) to each 
other.28 Pump-induced SE and photobleaching (PB) of the 
optical absorption in the ground state with A T > 0  were also 
obtained.27 In the small signal limit, AT(t) is expected to be 
proportional to the photoexcitation density N(t), which for an 
optically thick film is given by the relation AT /T = N a /a L, 
where a  is the photoexcitation optical cross section and a L is 
the absorption coefficient at the pum p laser excitation w ave­
length. To correct the pum p-probe signal for intensity fluc­
tuations in the supercontinuum at the selected probe w ave­
length, the probe signal was norm alized by a reference signal 
at each delay time [this technique was dubbed as “A-B” 
(Ref. 29)] with a significant improvement in the m easured 
signal-to-noise ratio, giving a sensitivity of ATIT=\{T4 that 
corresponds to a photoexcitation density of ~ 1 0 17 c m 'l  
The high repetition rate low-energy laser system was an 
optical parametric oscillator (OPAL, Spectra Physics) that 
was pum ped by a 100 fs Ti:sapphire laser oscillator (Tsu­
nami, Spectra Physics) at a repetition rate of about 
80 M H z.28 The pum p beam was extracted from the laser os­
cillator and was frequency doubled to 3.1 eV. The probe 
beam was extracted from the signal and idler beam s of the 
optical param etric oscillator in the spectral ranges of 0 .56­
0.68 and 0 .9 4 -1 .0 2  eV, respectively, with about 150 fs time 
resolution. We extended the spectral range deeper into the IR 
using a difference frequency setup in a NLO crystal. When 
using the signal and idler beam s and changing the central 
frequency of the optical param etric oscillator (OPO) to
1.55 /am, we could then extend the spectral range between
0.15 and 1.05 eV, with a few rem aining gaps in the 
spectrum .7 This laser system provides low-intensity m easure­
ments, where the pump intensity ranges from
0.1 to 30 jxilcm1 per pulse, with A TIT  resolution of —10"“6 
that corresponds to photoexcitation density of ~ 1 0 15 c m 'l  
PFO pow der was purchased from ADS (in Canada) and 
was used to make films either by drop cast or by spin cast on 
sapphire substrates, w ithout further purification. For the 
pum p-probe studies, all m easurem ents were carried out at 
room tem perature in a cryostat that provided a dynamical 
vacuum of 100 yuTorr to prevent polym er film degradation 
due to the strong laser illumination at am bient conditions.30 
Pump-probe signals were m easured over a range of pump 
intensities to ensure linearity o f the A T IT  response with re­
spect to the initial photoexcitation density; we thus w orked at 
intensities below  300 ^uJ/cm2 per pulse, with typical inten­
sities of about 30 yuJ/cm2 to prevent signal saturation.
The TPA spectrum was m easured using the polarized 
pump-probe correlation technique with the low repetition 
rate high-energy laser system at time delay t= 0. The linearly 
polarized pum p beam was set at 1.55 eV, below the polymer 
absorption band, whereas the probe beam from the white 
light supercontinuum covered the spectral range from
1.6 to 2.6 eV. The temporal and spatial overlaps between the 
pum p and probe beam s on the sample film lead to a PA 
signal that peaks at t= 0. We interpret it here as due to TPA of 
one pump photon with one probe photon.
For the EA m easurem ents, we used a PFO film spin cast 
on a substrate with patterned metallic electrodes.26 The EA 
substrate consisted of two interdigitated sets o f a few hun­
dred gold electrodes 30 /j,m wide patterned on a sapphire 
disk ~ 1  mm thick. The sample was placed in a cryostat for 
low-tem perature m easurem ents. An electric field was gener­
ated in the sample by applying a potential V  to the elec­
trodes. An applied potential V =300 V (typical in our experi­
ments) resulted in field strength F=1 X  105 V /cm . We varied
V on the electrodes using a sinusoidal signal generator at /  
= 1 kHz and a simple transform er to achieve high voltages. 
For probing of the EA spectrum, we used an incandescent 
light source from a Xe lamp, with broadband visible and 
ultraviolet spectra ranging from 2.6 to —5.0 eV. The light 
beam was dispersed through a m onochrom ator, focused on 
the sample, and detected by a UV-enhanced silicon photodi­
ode. The modulation A T  o f the transm ission T  is expected to 
be the same for positive and negative V  since the polymer 
chains are not preferentially aligned with respect to the elec­
trodes. Thus, we m easured A T  using a lock-in am plifier set 
to twice the frequency (2 /) o f the applied field.26 We verified 
that no EA signal was observed at /  or 3 /. A T  and T  spectra 
w ere m easured separately using a hom em ade spectrom eter 
that consisted of a } m m onochrom ator equipped with sev­
eral gratings and solid-state detectors for spanning the EA in 
the broadest spectral range. The EA spectrum was obtained 
from the ratio A T IT , which was m easured at various applied 
voltages and polarizations of the probe light with respect to 
the direction of the applied field.
III. RESULTS AND DISCUSSION
A. Absorption and PL spectra
The PFO polym er repeat unit is shown in the inset of Fig.
1. The polym er chain is highly planar even in the disordered 
a  phase since the two repeated benzene rings are tied to­
gether with two large adjacent side groups. The room- 
temperature absorption and PL spectra are shown together in 
Fig. 1 for ease of com parison. The main absorption band 
peaks at 3.2 eV with an onset at —2.95 eV; however, it is 
featureless and thus gives the impression of a smooth absorp­
tion spectrum, sim ilar to that typical o f inorganic sem icon­
ductors. The PL spectrum has a relatively small redshift with 
respect to the absorption band, but exhibits a clear vibronic 
structure with peaks at about 2.90 (0-0), 2.72 (0-1), and 2.55 
(0 -2 )  eV; a fourth phonon side band (0-3) m ay be seen at 
—2.37 eV. The vibrational series in the PL spectrum shows 
that the polym er possesses strong electron-phonon coupling 
to a strongly coupled vibration (identified as the C = C  
stretching at —185 meV), which, however, is not clearly 
seen in the absorption spectrum. The reason for the apparent 
dissimilarity between the PL and absorption spectra is the 
existence of a broad distribution of the polym er conjugation 
length (CL) in the sample film, where the characteristic op­
tical energy gap of the chains depends inversely on the CL. 
W hereas the absorption process occurs in all chains, the cw 
PL is preferentially em itted from the longest chains in the 
film having the sm allest optical gap that collects most of the 
diffusing excitons, and thus the phonon side bands seen in
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FIG. 2. (Color online) PFO clcctroabsorption spcctrum (red, 
crosscs) and the fit (blue, full line) using the SOS model with fitting 
parameters given in Table I. The essential states 1 /?„, mAg, nBu, and 
kAg arc assigned.
the PL spectrum are mainly related to these long chains. We 
therefore conclude that the smooth absorption spectrum has 
little to do with interband transition but, in fact, is an inho- 
m ogeneous broadened version o f delocalized tt- tt" transi­
tions involving optical transitions from the ground state 
( M s) to the first odd-parity exciton (I/?,,).31 It is interesting 
to note that the absorption spectrum also contains a small 
feature at —4.1 eV; this feature is enhanced, and thus seen 
more clearly in the EA spectrum (see below).
B. Electroabsorption spectroscopy
To elucidate the nature of the excited states responsible 
for the broad optical absorption band in the PFO film, we 
applied the EA spectroscopy. EA has provided a sensitive 
tool for studying the band structure o f inorganic 
sem iconductors,32 as well as their organic counterparts.33-3-’’ 
Transitions at singularities o f the jo in t density o f states re­
spond particularly sensitively to an external field and are 
therefore lifted from the broad background o f the absorption 
continuum. The EA sensitivity decreases, however, in more 
confined electronic m aterials, where electric fields o f the or­
der o f 100 kV /cm  are too small o f a perturbation to cause 
sizable changes in the optical spectra. As states becom e more 
extended by interm olecular coupling, they respond more sen­
sitively to an intermediately strong electric field F  since the 
potential variation across such states cannot be ignored com ­
pared to the separation o f energy levels. EA may selectively 
probe extended states and is thus particularly effective for 
organic sem iconductors, which are traditionally dom inated 
by excitonic absorption. One o f the most notable examples 
o f the application o f EA spectroscopy to organic sem icon­
ductors is polydiacetylene, in which EA spectroscopy was 
able to separate absorption bands o f quasi one-dim ensional 
(1D) excitons from that o f the continuum band.36 The con­
fined excitons were shown to exhibit a quadratic Stark effect, 
where the EA signal scales with F 2 and the EA spectrum is 
proportional to the derivative o f the absorption with respect 
to the photon energy [e ta /(?«(«)]. In contrast, the EA related 
to the continuum band scales with F ,/3 and shows Franz- 
Keldysh (FK)-type oscillation in photon energy. The separa­
tion o f the EA contribution o f excitons and the continuum 
band was then used to obtain the exciton binding energy in 
polydiacetylene, which was found to be —0.5 eV .36
Figure 2 shows the EA spectrum o f a PFO film on a 
sapphire substrate up to 5.0 eV at field value F  o f 10-’’ V /cm . 
The EA spectrum was m easured at 80 K  to decrease the ther­
mal effect contribution, which also scales with F 2 sim ilar to 
that o f the EA itself [see Fig. 3(a) inset]. There are several 
spectral features in the EA spectrum: a first-derivative like 
feature with zero crossing at —3.1 (assigned as 1/?„), a 
modulation feature that does not resem ble a derivativelike 
feature with zero crossing at 4 .0 and 4.3 eV (assigned as 
h/?„), two well-resolved phonon side bands related to the 1 Bu 
at 3.2 and 3.45 eV, and two induced absorption bands at
3.7 eV (assigned as m A g) and 4.5 eV (assigned as kA g). No 
FK-type oscillation related to the onset o f the interband tran­
sition is seen in the EA spectrum here. The most prominent 
characteristic properties o f a FK  oscillation feature is its 
spectral broadening with the electric-field strength F  and the 
dependence on F ,/3.36 Figure 3(a) shows that the EA spec­






FIG. 3. (Color online) (a) PFO EA spcctrum at three different 
applied voltages V  resulting in three different field strengths F. The 
inset shows the dcpcndcncc of the EA signal on V2. (b) PFO polar­
ized EA spcctrum with light polarization parallel (red, full line) and 
pcrpcndicular (blue, dashed line) to the applied clcctric field vcctor.
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also scales with F2 [Fig. 3(a) inset], in contrast to the expec­
tation o f  the FK EA feature. We thus conclude that PFO 
excited states are better described in terms o f excitons, rather 
than in the language o f band-to-band transition typical of 
inorganic semiconductors. We also m easured the polarization 
dependence o f  the EA spectrum  [Fig. 3(b)]. We found that 
the EA spectrum  parallel to the direction o f the applied field 
is —2 . 1 , larger than that perpendicular to the field, but oth­
erwise, the two spectra are very sim ilar to each other.
We interpret the EA spectrum  as follow s .26-35 The first- 
derivative-like feature at —3.1 eV is due to a Stark shift of 
the lowest-lying exciton, namely, the 1 B u. The modulation 
feature centered at —4.1 is due to the electric-field-induced 
shift o f the most strongly coupled exciton to the m A g, 
namely, the nB u, which is very close to the continuum  band 
onset.35 The derivative-, w igglylike feature at energies just 
above E (IB U) is due to the Stark shift o f the lZJH-related 
phonon side bands. These features are m ore easily observed 
in EA than in the linear absorption spectrum  because o f the 
strong dependence o f the exciton polarizability on the CL in 
the polym er chains. The polarizability was show n37 to in­
crease as (CL)", where n — 6 , and thus the EA spectrum  pref­
erentially focuses on long CL, sim ilar to the case o f the PL 
spectrum  discussed above. The EA -induced absorption fea­
ture at 3.7 eV  does not have any corresponding spectral fea­
ture in the linear absorption spectrum. We therefore conclude 
that this feature in the EA spectrum  involves a strongly 
coupled As state, dubbed m Ag.i5 Such a state would not nor­
m ally show up in the linear absorption spectrum  since the 
optical transition 1 A g^ m A g is strictly forbidden. The pres­
ence o f this band in the EA spectrum  can be explained by the 
electric field effect on the film, which breaks the symmetry, 
resulting in the transfer o f  oscillator strength from  the al­
lowed 1A^—>15„ transition to the forbidden 1 A g^>m Ag 
transition . - 5 The same applies for the EA feature at —4.5 eV 
assigned as kAg.21 This is another strongly coupled As state 
that is further away from  the 1 B u; however, it may belong to 
a different exciton manifold altogether.38-39
Electroabsorption is a third-order NLO effect and thus can 
be described by the third-order optical susceptibility, namely, 
X(3,( -w ;w ,0 ,0 )  (Refs. 25 and 35):
-  A T/T=  Im [x (3,( -  m ;w ,0 ,0 )]F 2c/, (1) 
nc
where d  is the film thickness, n is the refractive index, c is 
the speed o f light, and to is the optical frequency; the field 
m odulation / ^ w ,  and this explains the zero frequency for 
y 3) in Eq. (1). The relation between the EA and y 3) in Eq.
(1) shows that the polarization dependence o f the EA spec­
trum  is, in fact, related to the anisotropy o f ^ (3) o f the PFO 
chains in the film. The obtained polarization o f  —2 :1  is thus 
not surprising since the PFO polym er chains are quite aniso­
tropic, w ith NLO coefficient that is stronger along the poly­
m er chains. In fact, the theoretical lim it for a process in 
polymers, where the excited and ground states have parallel 
vector dipole moments, is 3 .28 So PFO is not far from  that 
limit. We thus expect sim ilar anisotropy to hold for the other
N LO m easurem ents described here, which can be also de­
scribed by a y 3) process.
In order to obtain m ore quantitative information about the 
main exciton states in PFO chains, we fitted the EA spectrum 
using a model calculation. For this fit, we calculated the x {?,} 
spectrum [Eq. (1)] using the summation over states (SOS) 
model originally proposed by O rr and W ard ,40 further devel­
oped for 7r-conjugated polym ers by M azum dar and 
co-w orkers ,25-35 and im plem ented in a variety o f conducting 
polymers by Liess et al.26 In this model the spectrum  is 
a summ ation o f  16 terms, each containing a denom inator that 
is proportional to the m ultiplication o f several dipole m o­
m ent transitions /i^ , such as from  the ground states 1AS to 
1 B u (L4S—>1B„, with strength / i01) and 1 B u to m Ag (1 B u 
—>niAg, with strength f in ) ,  and a nom inator that is resonant 
at energies related to the main essential states [see Eqs. (3 )-
(12) in Ref. 26]. A part from  the kAg state38 and according to 
the “essential state picture” in 7r-conjugated polym ers ad­
vanced by M azum dar and co-w orkers ,25-35 there are fo u r  es­
sential states that contribute substantially to the main EA 
spectral features in these com pounds; these are 1AS, 1 B u, 
m Ag, and nB u. This is justified in 7r-conjugated polymers 
since these four states are most strongly coupled to each 
other; the other B u and As exciton states in the singlet m ani­
fold have very small transition dipole m om ents .35
Out o f  the SOS terms, there are four main classes o f  terms 
[(a)-(d)] that indicate the channel taken by the dipole m o­
m ent transitions. One such class is (a) the channel (1AS 
—> 1B„—> 1AS—> 1B„—> 1AS) that involves only the 1AS and 
1 B u states. This channel gives a Stark shift o f the opposite 
sign for the 1 B u exciton in the spectrum  (i.e., blueshift) in 
contrast to the redshift observed in the experiment. The other 
term o f the same type (b) involves the transition 1AS to nB u 
(1AS—>hB„), which is too small in the SOS calculation. 
Channel (c) involves both 1 B u and m A g (1AS—> 15„—
—> 1B„—> lA g). This channel gives the correct sign to the 1 B u 
S tark shift (that is redshift) and is usually larger than terms
(a) and (b) in the SOS since / i l2>  / iQl. The last channel (d) 
involves all fo u r  essential states via the process 1 AS—>1 B„ 
—>m Ag^ n B u^  1AS. This term  gives the correct sign (that is 
redshift) to the nB u state in the EA spectrum  if one o f the 
dipole mom ent transitions involved ( fi23 for m Ag^ n B u or 
fio3 for >1AS) is negative. In reality ,35 the nB u redshift 
is explained to be due to its strong coupling to the continuum  
band lying above it in energy, which contains both alternate 
As and B u states that are very close to each other; thus, term 
(d) with a negative transition dipole mom ent mim ics this 
strong coupling in the SOS m odel.35
The kAg exciton does not belong to the same exciton 
m anifold as that o f  the other four essential states .39 In fact, 
kAs is com posed o f tt- tt' states that are com binations o f 
localized and delocalized states, whereas the four essential 
states belong to delocalized tt-tt' states alone .38-39 We there­
fore have not taken the kAg into account in our model calcu­
lation, and thus the model used here cannot reproduce its EA 
feature (see Fig. 2).
The essential state energies and their dipole m om ent tran­
sitions were taken as free param eters in the SOS fit (see 
Table I). In the fitting, we also took into account the main 
phonon side bands, w ith phonon frequency o f —185 meV for
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TABLE I. The best fitting parameters for the EA spectrum of 
PFO using the SOS model with four essential states, namely 1 
(assigned the number 0). 1 Bu (assigned 1). mA„ (assigned 2). and 
nBu (assigned 3). as well as a CL distribution and most strongly 
coupled phonon. The parameters are described in detail in Ref. 24 
and include the essential state energies with respect to E(1A„). as 
well as their relative displacements Aq and transition dipole mo­
ments fijj. The hv  phonon is the frequency of the most strongly 
coupled vibration, and the CL distribution is characterized by the 
width y  and asymmetry t}.
FA1BJ (eV) 3.1
A qs= q(\Bu) -q ( \A g) 0.7
E(mA„) (eV) 3.7
A q2=q(mAs)-q (]B u) -0.5
E{nBu) (eV) 4.1
A qj,=q{nBu)-q{m A H) 0.6
hv  phonon (eV) 0.185
CL distribution width y  (eV) 0.2
CL distribution asymmetry t] 5.0
Transition dipole moment:
Moi (M K- i z y 1.0
M12 (1 B „ ^ m A g) 2.1
M23M30 (mA^—tnB,,—* 1A„) -1.8
the most strongly coupled intrachain vibration (the C = C  
stretching mode), as well as an asymmetric CL distribution 
function.26 The phonon side bands and the CL distribution 
were shown to be very important in fitting the EA spectra of 
many ir-conjugated polym ers.26 The solid line in Fig. 2 
shows the best fit to the EA spectrum, as obtained using the 
SOS with param eters given in Table I. The agreement b e­
tween the model calculation and experimental spectra is very 
good. From Table I, we get the energies of the most strongly 
coupled excitons in PFO as follows: E ( \B U) = 3.1 eV, 
E (m Ag) = 3.7 eV, a n d E (nB u)=4A  eV. Furtherm ore, from the 
EA spectrum at energies above E (nB u), we approxim ate 
E (kA g) = 4.7 eV .38 These m ajor states play a dom inant role in 
the other two NLO spectroscopies, namely, the TPA and tran­
sient PM spectra, as discussed below. From Table I, we also 
get the transition dipole m om ent between the essential states. 
Indeed, we see from the fitting that the transition dipole m o­
m ents n u > imj), which explains the 1 Bu Stark shift to lower 
energies, whereas ^ 23^03 < 0 ,  which explains the nBu nega­
tive Stark shift in the EA spectrum.
From the magnitude o f the EA signal com pared to the first 
derivative o f the absorption spectrum, an estimate of the d if­
ference in polarizability A p  between the ground and the first 
excited states, namely, the 1 Bu may be obtained.14-26 This 
requires a careful fit to the absorption spectrum using the 
same param eters that were used to fit the EA spectrum and a 
different CL distribution function.26 Instead, we estimate Ap  
from a sim ple com parison o f the PFO EA spectrum to that of 
various polymers for which A p  is know n.26 We obtained a 
polarizability difference between 1AS and 1 B u states, A p
-  5000 A3, in fair agreement with a previous estim ate.14
It is known that the continuum band in ir-conjugated 
polymers is very close to E (nB u) (Ref. 35); it is thus tem pt­
ing to identify the transition from the ground state into the 
continuum band in the linear absorption spectrum. Based on 
the EA spectrum at —4.1 eV and its analysis in term s of 
E (nB u), we then tentatively assign absorption band II in the 
linear absorption spectrum (Fig. 1) at —4.1 eV as the optical 
transition 1 A g^ n B u (or continuum band onset). We estimate 
the absorption strength ratio o f bands I and II in the linear 
absorption spectrum (Fig. 1) to be —100:1 . It is well estab­
lished that in semiconductors, the interband transition 
strength substantially decreases relative to the exciton tran­
sition strength for large exciton binding energy Eh.}536 The 
large ratio obtained between bands I and II in the absorption 
spectrum thus indicates that E b in PFO is relatively large,
i.e., o f the order o f 1 eV. Actually, we may estimate Eb o f the 
lowest-lying singlet exciton in PFO from the relation 
E (nB u) - E ( \ B u). From the values given in Table I, we get a 
large binding energy Eh~  1 eV. This large Eb is not unique 
in the class o f ir-conjugated polymers. It is sim ilar to Eb 
extracted for M EH-PPV (Eb~ 0.8 eV) when using the corre­
sponding EA spectrum .26 The large value for Eb shows that 
electron-hole interaction and electron correlation15 are rela­
tively large in PFO and do not permit us to describe this 
polym er in term s used by the sem iconductor band m odel.4
C. Two-photon-absorption spectroscopy
In ir-conjugated polym ers the optical transitions between 
the ground state 1AS and the B u excitonic states are allowed; 
in particular, the transition 1AS^  1 Bu dom inates the absorp­
tion spectrum.41-42 On the contrary, the optical transitions 
from 1AS to any other state with As symm etry are strictly 
forbidden. However, these optical transitions are allowed in 
TPA.25 Therefore, TPA spectroscopy has been used in the 
class o f 7r-conjugated polym ers to get information about the 
As energies in these materials.43-44 This information is impor­
tant since transitions of photogenerated 1 Bu excitons to As 
states are dipole allowed and thus dom inate the PA spectrum 
o f 1 B u excitons in these polym ers.45 In addition, it was also 
found46 that the resonant Raman scattering dispersion known 
to exist in ir-conjugated polym ers surprisingly depends on 
the low est-lying As states, rather than on the Bu states, and 
thus E(Ag) are worthy to determ ine in this class o f materials.
Usually, the TPA spectrum has been m easured in 
ir-conjugated polym ers either directly by techniques such as 
optical absorption at high excitation intensity,47-48 and Z  
scan,49-50 or indirectly by m easuring the fluorescence em is­
sion following TPA at high intensity, a technique dubbed 
“two-photon-fluorescence.”51 Typically, two TPA bands are 
observed in ir-conjugated polymers, namely, m Ag and kAg, 
where E (m Ag) < E (kA g).4} It is worth m entioning that in non­
lum inescent 7r-conjugated polymers, such as r-(C H )v (Ref. 
47) and polydiacetylene,48 it was m easured that E(2A g) 
< E ( \B U). In this case the photogenerated 1 B u excitons 
quickly undergo internal conversion into the lowest-energy 
exciton, which is the 2Ag; consequently, the transient PL 
emission is very fast, i.e., o f the order o f 200 fs. However, it 
has been found43 that the 2Ag state is not easy to detect by 
NLO techniques since it is not strongly coupled to any Bu 
states, and thus is very weak in both TPA and EA spectra.
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FIG. 4. (Color online) PFO transient TPA tracc (blue line, 
circles) involving the pump (at 1.55 cV) and probe (at 1.9 cV) 
pulses, compared to the pump-probe cross correlation tracc (red 
line, crosscs) measured using a NLO crystal. The relatively long- 
lived PA plateau is due to the PA related photocxcitations generated 
by TPA from the pump pulses (see text).
In the present work, we have chosen to measure the TPA 
spectrum  using the pum p and probe techniques at time t= 0. 
The linearly polarized pum p beam  from  the low repetition 
high pow er laser system  was set fixed  at 1.55 eV, which is 
below the polym er m ain absorption band, whereas the probe 
beam  from  the white light supercontinuum  with polarization 
either parallel or perpendicular to that o f the pum p beam  
spreads the pum p-probe spectral range from  1.6 to 2.6 eV, 
thus covering the TPA photon energy from  3.15 to 4.15 eV. 
If  only the linear absorption is considered, then the pump 
beam  alone at 1.55 eV is unable to generate photoexcitations 
above the gap since its photon energy is m uch smaller than 
the optical gap of PFO at ~ 3 .0  eV. However, the temporal 
and spatial overlaps betw een the pump and probe beam s lead 
to a transient PA signal that peaks at t= 0. As seen in Fig. 4, 
for a probe photon energy o f ~  1.9 eV, this PA has a tem po­
ral profile sim ilar to the cross-correlation function o f the 
pum p and probe pulses, which we interpret here as due to 
TPA o f one pum p photon with one probe photon. The long 
temporal tail seen in Fig. 4 at times t longer than that o f the 
cross-correlation function is caused by PA o f photoexcita­
tions that are generated due to the TPA o f the pump pulses 
alone.22 This tail was subtracted out from  the transient re­
sponse at t= 0 for obtaining the TPA spectrum  clearly from  
the PA due to the TPA-related photoexcitations. O therwise, 
the TPA related to the pum p pulses does not directly influ­
ence the transm ission o f the probe pulses. Two separate TPA 
spectra were obtained, where the probe beam  polarization 
was set either parallel or perpendicular to the pum p beam  
polarization.
Figure 5(a) shows the TPA spectrum  o f the PFO film up to 
4.4 eV com pared with the linear absorption spectrum. The 
TPA shows a relatively broad band [full width at half m axi­
m um  (FW HM ) o f ~ 0 .4  eV] peaked at 3.7 eV, which has a 
com parable width to that o f the linear absorption band. We 
interpret the TPA band at 3.7 eV as the inhom ogeneously 
broadened m A g state in PFO,24,45 in agreem ent with the EA 










FIG. 5. (Color online) (a) The two-photon absorption (TPA) 
spectrum of PFO compared to the linear absorption spectrum. The 
essential states 1 Bu and arc assigned, (b) PFO TPA spectrum 
measured with pump and probe polarizations cither parallel (red, 
crosscs) or perpendicular (green, circlcs) to each other. The line 
through the data points is a fit using the SOS model with parameters 
given in Table I.
TPA spectrum has zero strength at 3.2 eV, which is at the 
photon energy where the linear absorption spectrum has a 
maximum. In the sem iconductor band model, the valence 
band (VB) and conduction band (C.B) are com posed of states 
o f both odd and even sym m etries that form  a continuum  
band. In this case, the TPA and linear absorption spectra 
overlap, or have very little difference, perhaps because of 
slightly different optical dipole m om ents.38'43 In contrast, it 
is apparent that the TPA and linear absorption spectra do not 
overlap  in PFO; in fact, there is ~ 0 .5  eV energy difference 
between their respective m axim a [Fig. 5(a)]. This is com pel­
ling evidence that the sem iconductor band model cannot 
properly describe the PFO excited states. O n the contrary, the 
energy difference between the linear and TPA spectra of 
~ 0 .5  eV sets the lower lim it for the exciton binding energy 
in this polymer, in agreem ent with E b extracted above from  
the EA spectrum.
Figure 5(b) shows the polarization anisotropy in the TPA 
spectrum. The parallel and perpendicular TPA spectra differ 
by a factor o f ~ 2 .2 , but otherwise, they show the same spec­
tral features. The polarization anisotropy found in TPA is in
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FIG. 6. (Color online) (a) The transient PM spectra of PFO at 
r=0 (red line, diamonds) and r=20ps (blue line, circles). The PA 
bands PA,, PA2, and SE are assigned, (b) The transient decay dy­
namics of the main bands assigned in (a).
agreem ent w ith that o f the EA  spectrum  discussed above. 
This is not surprising since both NLO spectra are related to 
the same x (31 coefficient, thus reflecting its anisotropy, w hich 
is caused by the quasi-ID  properties o f the polym er chains. 
The two TPA spectra were fitted using the same SOS, where 
TAP ~ I m ^ (31 (co;co, -w , co), w ith the same param eters as for 
the fit to the EA spectrum  (Table I); no extra param eter is 
needed. The agreem ent between the obtained spectrum  and 
the model calculation is excellent. This validates the use of 
the SOS model and its parameters.
D. Transient pliotomodulation spectroscopy
We m easured the polarized pum p and probe PM spectra in 
a broad spectral range from  0.2 to 2.6 eV using two different 
laser systems, as discussed in the Experim ent section. Figure 
6(a) shows the full PM  spectrum  o f a PFO film at two delay 
times, t= 0 and ?= 20 ps. The PM  spectrum  contains two PA 
bands (PA ( and PA2) at 0.55 and 1.65 eV, respectively, and a 
SE band that peaks at 2.5 eV. We also measured that the 
parallel PM  spectrum  [A 7\pa)] is ~ 2 .2  times stronger than 
the perpendicular spectrum  [A r(pe)], sim ilar to the parallel-
perpendicular ratio in the other two NLO spectra, namely, 
the EA  and TPA in Figs. 3(b) and 5, respectively. It is also 
seen that P A ( broadens considerably w ith time; however, the 
two PA bands and the SE retain their relative intensity to 
each other. In particular, the three bands' decay dynam ics are 
shown in Fig. 6(b); the decay dynam ics o f all three bands are 
equal, with a lifetime o f ~ 1 0 0  ps. This shows that the PM 
bands belong to the same photogenerated species, in  contrast 
to earlier conclusions.18 Since SE is related to excitons, we 
thus attribute this species to photogenerated singlet excitons, 
namely, 1 B„. We therefore conclude that the two PA bands 
are optical transitions from  1 B„ to the two most strongly 
coupled A g excitons in  the singlet manifold, namely, m Ag and 
kAg, respectively. No hot excitons18 or po larons19 are needed 
to interpret this spectrum. Thus, the three NLO spec­
troscopies, namely, EA, TPA, and transient PM, are in  agree­
ment with each other and show that few dom inant states ar-e 
sufficient to understand the NLO spectra in PFO.
A t t=  0, the PA, band is narrower [FW H M =0.2 eV, Fig. 
6(a)] than the TPA band (FW HM  - 0 . 4  eV, Fig. 5), although 
the two transitions are to the same final state: P A ( is due to 
transition \B n^ m A g ,  whereas TPA is caused by transition 
X A g ^m A g .  However, at a later time [?=20 ps. Fig. 6(a)], 
PA | broadens to about 0.4 eV, w ith w idth com parable to that 
o f the TPA band. The broad TPA spectrum  is caused by the 
inhom ogeneities o f £ ( M S) and E(m A g) in the PFO chains, 
w hereas for P A ( the inhom ogeneities in E(]B„) and E (m A g) 
ar-e involved. However, the TPA is an equilibrium  process 
where all PFO chains ar-e excited w ith equal probability, 
sim ilar to the absorption process discussed in  Sec. Ill A  (Fig. 
1), whereas in the transient PM  process at ?=0, not all 1 B„ 
excitons in the PFO chains ar-e initially excited w ith equal 
probability, since it is a nonequilibrium  process. Upon pho­
toexcitation, only a narrow subset o f the inhomogenously 
broadened E { \B n) distribution is actually photoexcited, and 
this explains the relatively narrow P A ( band at t= 0. A t a 
later time, excitons diffuse among the polym er chains and 
occupy a larger E(]B„) subset in the distribution; this leads 
to a broader P A ( at ?=20 ps [Fig. 6(a)].
In contrast to PPV derivatives,5-6-9 the fem tosecond tran­
sient PM spectrum  o f PFO does not show any other band that 
may be related to photogeneration o f charge polarons. Our 
results are in agreem ent with the lack o f long-lived polaron 
photogeneration in as spun (i.e., glassy a  phase) PFO film 
measured by the cw PM technique.14 This is in  agreement 
w ith the large exciton intrachain  binding energy that we 
found here for PFO. Also, it clearly indicates that the bulky 
PFO side groups do not allow strong interchain interaction, 
w hich is largely responsible for polar-on photogeneration in 
ir-conjugated polym er film s.11 A nother possibility for the 
lack o f polar-on photogeneration here is the proxim ity o f the 
laser excitation photon energy ( — 3.1 eV) to the absorption 
onset o f PFO (—3.0 eV ).23 From  the excitation dependence 
o f charge photogeneration in PFO using cw PM spectros­
copy, it was found14 that the quantum  efficiency o f polar-on 
photogeneration dram atically increases at photon energies 
close to E(niAg) — 3.7 eV; up to this photon energy, there is 
basically very little steady-state photogenerated polarons. We 
thus expect dramatic changes to occur in the transient PM
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FIG. 7. (Color online) The most important intrachain energy 
states and allowed optical transitions for PFO. The PA bands arc 
cxcitcd state absorptions, a  and TPA is linear and NLO absorption, 
rcspcctivcly, and PL may be also rcplaccd by SE in the pump-probe 
experiment.
spectrum o f PFO at higher excitation photon energies,23 
and/or when the glassy phase changes into a m ore ordered 
phase,20 and when a strong electric field such as in organic 
light-emitting diodes made of PFO is capable o f exciton dis­
sociation even at relatively low excitation photon energy 
close to E (I B U).52
TV. SUMMARY
We used a variety o f linear and nonlinear optical spec­
troscopies for studying the excited states and photoexcita­
tions o f the important polym er PFO having blue PL em is­
sion. The NLO spectroscopies included electroabsorption, 
two-photon absorption, and ultrafast photomodulation, 
whereas the linear spectroscopies were PL emission and ab­
sorption. We found that the excited states o f PFO are dom i­
nated by four essential states that determ ine the NLO spectra. 
These are both odd and even parity excitons: 1 B„, m A g, tiBu, 
and kAg. Their energies and optical dipole m om ents were 
determ ined by a summation over states model that was used 
to fit the obtained EA and TPA spectra for h w < 4 .5  eV 
(Table 1) and by inspection o f the EA and transient PM spec­
tra at higher energies. These important states are summ arized 
in Fig. 7. Including the 1A?, all five states contribute to the
EA spectrum, but only the A g states are seen in the TPA 
spectrum and in the transitions from 1 B u to upper states in 
the transient PM spectrum.
The PFO polym er cannot be described by the sem icon­
ductor band model. The best evidence for this is the com ­
parison between the TPA and linear absorption spectra. The 
two spectra peak at energies that are ~ 0 .5  eV apart; m ore­
over, the TPA is close to zero at the peak location o f the 
linear absorption. This is impossible to explain by the band 
model. A nother strong indication that PFO is excitonic in 
nature is the characteristic properties of the primary photo­
excitations. These are excitons with two strong PA bands in 
the mid- and near-IR spectral ranges and a SE band in the 
visible spectral range, rather than a typical Drude free carrier 
absorption that characterizes photogenerated carriers in more 
usual 3D sem iconductors such as Si and GaAs. Also, the EA 
spectrum does not contain any FK oscillation at the con­
tinuum band edge, but instead shows derivative-like features 
o f the main excitons, and transfer o f oscillator strength to the 
m ost strongly coupled A g states.
From the energy difference between E (nB u) and E(IB„) in 
the excited state spectrum, we estimate the lowest exciton 
binding energy E b~  1 eV. This large “intrachain binding en­
ergy” indicates a strongly bound exciton. Such an exciton 
“steals” most o f the oscillator strength from the interband 
transition.35 Indeed, there is a huge factor o f ~  100 between 
the excitonic transition LAS—► 1 B u com pared to the interband 
transition, which we identify here as the 1 A g—>nBu transi­
tion. We also obtained the polarizability o f the lowest-lying 
exciton; it is ~ 5 0 0 0  A 3, which gives an exciton wave func­
tion extent in the PFO chains of a few repeated units. The 
seeming contradiction between the obtained exciton wave 
function extent and the large intrachain binding energy may 
be explained by the ID  character o f the excitons in PFO.
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